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SEMICONDUCTOR DEVICE INCLUDING
SOURCE/DRAIN EPITAXIAL LAYER
HAVING FACETS AND MANUFACTURING
METHOD THEREOFK

RELATED APPLICATIONS

This application 1s a continuation of U.S. application Ser.

No. 16/426,620 filed on May 30, 2019, which claims priority
of U.S. Provisional Application No. 62/738,666 filed on Sep.
28, 2018, the enftire contents of which are incorporated
herein by reference.

BACKGROUND

As the semiconductor industry has progressed 1nto nano-
meter technology process nodes 1n pursuit of higher device
density, higher performance, and lower costs, challenges
from both fabrication and design 1ssues have resulted in the
development of three-dimensional designs, such as a fin
field efiect transistor (Fin FET). Fin FET devices typically
include semiconductor fins with high aspect ratios and 1n
which channel and source/drain regions of semiconductor
transistor devices are formed. A gate 1s formed over and
along the sides of the fin structure (e.g., wrapping) utilizing
the advantage of the increased surface area of the channel
and source/drain regions to produce faster, more reliable and
better-controlled semiconductor transistor devices. In some
devices, strained materials 1n source/drain (S/D) portions of
the Fin FET utilizing, for example, silicon germanium
(S1Ge), silicon carbide (S1C), and/or silicon phosphide (S1P)
may be used to enhance carrier mobility.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure 1s best understood from the fol-
lowing detailed description when read with the accompany-

ing figures. It 1s emphasized that, in accordance with the
standard practice in the industry, various features are not
drawn to scale and are used for illustration purposes only. In
fact, the dimensions of the various features may be arbi-
trarily increased or reduced for clarity of discussion.

FIG. 1 shows one of the various stages of a sequential
manufacturing operation of a semiconductor FET device

according to an embodiment of the present disclosure.
FIGS. 2A, 2B, 2C and 2D show one of the various stages

of a sequential manufacturing operation of a semiconductor
FET device according to an embodiment of the present
disclosure.

FIGS. 3A and 3B show one of the various stages of a
sequential manufacturing operation of a semiconductor FET
device according to an embodiment of the present disclo-
sure.

FIGS. 4A and 4B show one of the various stages of a
sequential manufacturing operation of a semiconductor FET
device according to an embodiment of the present disclo-
sure.

FIGS. 5A and 5B show one of the various stages of a
sequential manufacturing operation of a semiconductor FET

device according to an embodiment of the present disclo-
sure.

FIGS. 6 A and 6B show one of the various stages of a
sequential manufacturing operation of a semiconductor FET
device according to an embodiment of the present disclo-
sure.
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FIG. 7 shows one of the various stages of a sequential
manufacturing operation of a semiconductor FET device

according to an embodiment of the present disclosure.
FIG. 8 shows one of the various stages of a sequential
manufacturing operation of a semiconductor FET device
according to an embodiment of the present disclosure.
FIG. 9 shows one of the various stages of a sequential
manufacturing operation of a semiconductor FET device
according to an embodiment of the present disclosure.
FIG. 10 shows one of the various stages of a sequential
manufacturing operation of 1s a semiconductor FET device
according to an embodiment of the present disclosure.
FIGS. 11A, 11B, 11C, 11D, 11E, 11F and 11G show
various stages ol a sequential manufacturing operation of 1s
a semiconductor FET device according to another embodi-
ment of the present disclosure.
FIG. 12A shows a cross sectional view of a semiconductor
FET according to one embodiment of the present disclosure.
FIG. 12B shows various dimensions and parameters of a
semiconductor FET according to one embodiment of the
present disclosure.

DETAILED DESCRIPTION

It 1s to be understood that the following disclosure pro-
vides many different embodiments, or examples, for imple-
menting different features of the disclosure. Specific
embodiments or examples of components and arrangements
are described below to simplify the present disclosure. These
are, ol course, merely examples and are not intended to be
limiting. For example, dimensions of elements are not
limited to the disclosed range or values, but may depend
upon process conditions and/or desired properties of the
device. Moreover, the formation of a first feature over or on
a second feature 1n the description that follows may include
embodiments 1n which the first and second features are
formed 1n direct contact, and may also include embodiments
in which additional features may be formed interposing the
first and second features, such that the first and second
features may not be 1n direct contact. Various features may
be arbitrarily drawn 1n different scales for simplicity and
clanty.

Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as 1illustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device 1n
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly. In addition, the term “made of” may mean either
“comprising” or “consisting of.”” In the present disclosure, a
phrase “one of A, B and C” means “A, B and/or C” (A, B,
C,Aand B, Aand C, B and C, or A, B and C), and does not
mean one element from A, one element from B and one
element from C, unless otherwise described.

One of the factors to determine device performance of a
field effect transistor (FET), such as a fin FET (FinFET), 1s
a shape of an epitaxial source/drain structure. In particular,
when a source/drain region of a FinFET 1s recessed and then
an epitaxial source/drain layer 1s formed therein, the etching
substantially defines the shape of the epitaxial source/drain
structure. For example, when 1sotropic etching 1s used, ion
bumping damage leads to a round source/drain shape, which
may cause 1nsuflicient device performance. The round

bl 4 4




US 11,177,358 B2

3

source/drain shape may have an undesirable surface condi-
tion due to the 1on damage, and have a relatively long
distance between a channel region and the source/drain
region (shadow ellect by poly space). By adjusting etching
conditions, 1t 1s possible to deeply etch the source/drain
region, together with the use of thinner gate sidewall spac-
ers, it may be possible to improve a FinFET current density.
However, the deeply shaped source/drain structure may
cause an increase of leakage current, and the thin sidewall
spacers may have a higher capacitance (atlecting AC per-
formance).

In the present disclosure, an octagonal shape 1s employed
for a source/drain epitaxial structure to solve these problems.
By using the octagonal shape, it 1s possible to decrease a
distance between the source/drain to the channel (5/D prox-
imity), thereby improving FinFET current density. Further,
a flat <110> sidewall parallel to the fin channel can decrease
a drain-induced barrier lowering (DIBL) effect, realizing a
better electrical field control. An optimal fin-depth/source/
drain shape-depth ratio can improve a FinFET’s lon/lofl
current ratio, and an i1mproved surface condition can
decrease the Si/epitaxial layer interface defects.

More specifically, 1n the octagonal source/drain structure,
a distance between the channel to the <110> sidewall of the
octagon can be decreased, and <110> sidewall surface
roughness can be reduced. In some embodiments, the
octagonal source/drain structure has at least a 5 nm <110>
orientation face parallel to the side face of the gate electrode.

FIGS. 1-10 show views of various stages of a sequential
manufacturing operation of a semiconductor device accord-
ing to the present disclosure. It 1s understood that additional
operations may be provided before, during, and after the
processes shown by FIGS. 1-10, and some of the operations
described below can be replaced or eliminated for additional
embodiments of the method. The order of the operations/
processes may be interchangeable.

As shown 1n FIG. 1, one or more fin structures 20 are
fabricated over a substrate 10. Further, an 1solation insulat-
ing layer (e.g., shallow trench isolation: STI) as shown 1n
FIG. 1 1s formed. The fin structure 20 includes a channel
region 20A and a well region 20B.

The substrate 10 1s, for example, a p-type silicon substrate
with an impurity concentration in a range of about 1x10">
cm™ to about 1x10'® cm™. In other embodiments, the
substrate 10 1s an n-type silicon substrate with an impurity
concentration in a range of about 1x10"> cm™ to about
1x10"® cm™. Alternatively, the substrate 10 may comprise
another elementary semiconductor, such as germamum; a
compound semiconductor including IV-IV compound semi-
conductors such as S1C and S1Ge, 11I-V compound semi-
conductors such as GaAs, GaP, GaN, InP, InAs, InSb,
GaAsP, AlGaN, AllnAs, AlGaAs, GalnAs, GalnP, and/or
(GalnAsP; or combinations thereof. In one embodiment, the
substrate 10 1s a silicon layer of an SOI (silicon-on msulator)
substrate. Amorphous substrates, such as amorphous S1 or
amorphous S1C, or insulating material, such as silicon oxide
may also be used as the substrate 10. The substrate 10 may
include various regions that have been suitably doped with
impurities (€.g., p-type or n-type conductivity).

The fin structures 20 may be patterned by any suitable
method. For example, the fin structures 20 may be patterned
using one or more photolithography processes, including
double-patterming or multi-patterning processes. Generally,
double-patterming or multi-patterning processes combine
photolithography and self-aligned processes, allowing pat-
terns to be created that have, for example, pitches smaller
than what 1s otherwise obtainable using a single, direct
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photolithography process. For example, in one embodiment,
a sacrificial layer 1s formed over a substrate and patterned
using a photolithography process. Spacers are formed along-
side the patterned sacrificial layer using a selt-aligned pro-
cess. The sacrificial layer 1s then removed, and the remaining
spacers may then be used to pattern the fin structures 20.

As shown 1n FIG. 1, three fin structures 20 extending 1n
the X direction are disposed adjacent to each other in the Y
direction. However, the number of the fin structures 1s not
limited to three. The numbers may be one, two, four or five
or more. In addition, one of more dummy {in structures may
be disposed adjacent to both sides of the fin structures 20 to
improve pattern fidelity in patterning processes. The width
of the fin structure 20 1s 1n a range of about 5 nm to about
40 nm 1n some embodiments, and may be 1n a range of about
7 nm to about 15 nm 1n certain embodiments. The height of
the fin structure 20 1s 1 a range of about 100 nm to about
300 nm 1n some embodiments, and may be 1n a range of
about 50 nm to 100 nm 1n other embodiments. The space
between the fin structures 20 1s 1n a range of about 5 nm to
about 80 nm 1n some embodiments, and may be 1n a range
of about 7 nm to 15 nm 1n other embodiments. One skilled
in the art will realize, however, that the dimensions and
values recited throughout the descriptions are merely
examples, and may be changed to suit different scales of
integrated circuits. In some embodiments, the Fin FET
device 1s an n-type Fin FET. In other embodiments, the Fin
FET device 1s a p-type Fin FET.

After the fin structures 20 are formed, an 1solation 1nsu-
lating layer 30 1s formed over the fin structures 20.

The 1solation insulating layer 30 includes one or more
layers of mnsulating materials such as silicon oxide, silicon
oxynitride or silicon nitride, formed by LPCVD (low pres-
sure chemical vapor deposition), plasma-CVD or flowable
CVD. In the flowable CVD, flowable dielectric materials
instead of silicon oxide are deposited. Flowable dielectric
materials, as their name suggests, can “flow” during depo-
sition to fill gaps or spaces with a high aspect ratio. Usually,
various chemistries are added to silicon-contaiming precur-
sors to allow the deposited film to flow. In some embodi-
ments, nitrogen hydride bonds are added. Examples of
flowable dielectric precursors, particularly flowable silicon
oxide precursors, mclude a silicate, a siloxane, a methyl
silsesquioxane (MSQ)), a hydrogen silsesquioxane (HSQ),
an MSQ/HSQ, a perhydrosilazane (TCPS), a perhydro-
polysilazane (PSZ), a tetracthyl orthosilicate (TEOS), or a
silyl-amine, such as trisilylamine (TSA). These flowable
silicon oxide materials are formed 1n a multiple-operation
process. Alter the flowable film 1s deposited, 1t 1s cured and
then annealed to remove un-desired element(s) to form
silicon oxide. The flowable film may be doped with boron
and/or phosphorous. The isolation insulating layer 30 may
be formed by one or more layers of SOG, 510, S10N,
S10CN and/or fluoride-doped silicate glass (FS(G) 1n some
embodiments.

After forming the 1solation msulating layer 30 over the fin
structures 20, a planarization operation 1s performed so as to
remove part of the 1solation insulating layer 30 and the mask
layer (the pad oxide layer and the silicon nitride mask layer).
The planarization operation may include a chemical
mechanical polishing (CMP) and/or an etch-back process.
Then, the 1solation mnsulating layer 30 1s further removed so
that an upper part of the fin structure 20, which is to become
a channel layer, 1s exposed, as shown i FIG. 1.

In certain embodiments, the partial removing of the
1solation 1nsulating layer 30 may be performed using a wet
etching process, for example, by dipping the substrate 1n
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hydrofluoric acid (HF). In another embodiment, the partial
removing ol the i1solation insulating layer 30 may be per-
formed using a dry etching process. For example, a dry
etching process using CHF; or BF; as etching gases may be
used. 5

After forming the 1solation msulating layer 30, a thermal
process, for example, an anneal process, may be performed
to improve the quality of the 1solation 1insulating layer 30. In
certain embodiments, the thermal process 1s performed by
using rapid thermal annealing (RTA) at a temperature 1 a 10
range of about 900° C. to about 1030° C. for about 1.5
seconds to about 10 seconds 1n an inert gas ambient, such as
an N,, Ar or He ambient.

Then, a gate structure 40 1s formed over part of the fin
structures 20 as shown 1n FIGS. 2A-2D. FIG. 2A 15 a plan 15
view (top view), FIG. 2B 1s a cross sectional view corre-
sponding to X1-X1 of FIG. 2A, FIG. 2C 1s a cross sectional
view corresponding toe Y1-Y1 of FIG. 2A and FIG. 2D 1s
an exemplary perspective view.

A gate dielectric layer and a poly silicon layer are formed 20
over the 1solation insulating layer 30 and the exposed fin
structures 20, and then patterning operations are performed
s0 as to obtain a gate structure including a gate electrode
layer 45 made of, for example, poly silicon and a gate
dielectric layer 35. The patterning of the poly silicon layer 25
1s performed by using a hard mask 42 including a silicon
nitride layer 43 and an oxide layer 44 1n some embodiments.

In other embodiments, the layer 43 may be silicon oxide and
the layer 44 may be silicon nitride. The gate dielectric layer

35 may be silicon oxide formed by CVD, PVD, ALD, 30
¢-beam evaporation, or other suitable process. In some
embodiments, the gate dielectric layer 35 may include one

or more layers of silicon oxide, silicon nitride, silicon
oxy-nitride, or high-k dielectrics. In some embodiments, a
thickness of the gate dielectric layer 1s 1n a range of about 1 35
nm to about 5 nm. In some embodiments, the gate dielectric
layer 35 may include an interfacial layer made of silicon
dioxade.

In some embodiments, the gate electrode layer 45 may
comprise a single layer or multilayer structure. The gate 40
clectrode layer 45 may be doped poly-silicon with uniform
or non-uniform doping. In the present embodiment, the
width of the gate electrode layer 45 1s 1n the range of about
30 nm to about 60 nm. In some embodiments, a thickness of
the gate electrode layer 1s 1n a range of about 30 nm to about 45
50 nm.

As shown 1n FIG. 2A, two gate structures 40 extending in
the Y direction are disposed adjacent to each other 1n the X
direction. However, the number of the gate structures 1s not
limited to two. The numbers may be one, three, four or five 50
or more. In addition, one of more dummy gate structures
may be disposed adjacent to both sides of the gate structures
40 to 1mprove pattern fidelity 1n patterning processes. The
width of the gate structure 40 1s 1n a range of about 5 nm to
about 40 nm 1n some embodiments, and may be 1n a range 55
of about 7 nm to about 15 nm 1n certain embodiments. In
some embodiments, the gate structures 40 are sacrificial gate
structures 1n a gate replacement technology.

Further, as shown 1n FIGS. 3A and 3B, sidewall spacers
55 are formed on opposite side faces of the gate structures 60
40. FIG. 3B 1s an enlarged view of a source/drain region of
FIG. 3A. Annsulating material layer for sidewall spacers 535
1s formed over the gate structure 40. The msulating material
layer 1s deposited 1n a conformal manner so that it 1s formed
to have substantially equal thicknesses on vertical surfaces, 65
such as the sidewalls, horizontal surfaces, and the top of the
gate structure 40, respectively. In some embodiments, the
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insulating material layer has a thickness in a range from
about 5 nm to about 20 nm. The insulating material layer
includes one or more of S1N, S10ON and SiCN or any other
suitable dielectric material. The insulating material layer can
be formed by ALD or CVD, or any other suitable method.
Next, as shown 1n FIGS. 3A and 3B, bottom portions of the
insulating material layer are removed by anisotropic etching,
thereby forming sidewall spacers 55. In some embodiments,
the sidewall spacers 35 include two to four layers of different
insulating materals.

Subsequently, as shown 1 FIGS. 4A and 4B, a source/
drain region of the fin structure 20 not covered by the gate
structure 40 1s etched down (recessed) to form a source/drain
recess 24. FIG. 4B 1s an enlarged view of a source/drain

region of FIG. 4A. As shown 1n FIGS. 4A and 4B, the cross

sectional shape 1n the Z-X plane of the source/drain recess
24 has a rounded shape in some embodiments. In some
embodiments, the depth D1 of the recess 24 measured from
the top of the fin structure 20A 1s 1n a range from about 25
nm to about 90 nm 1n some embodiments, and 1s 1n a range
from about 40 nm to about 50 nm 1n other embodiments.

The etching operations to form the *“octagonal” source/
drain recess 25 are as follows. In some embodiment, the
“octagonal” refers to a shape defined by seven connected
lines as shown in FIG. 5B. In some embodiments, the
adjacent lines form an angle of about 135 degrees (e.g.,
130-140 degrees). First, the source/drain region of the fin
structure 20 1s recessed by plasma dry etching. In some
embodiments, the plasmas dry etching 1s 1sotropic etching.
The etching conditions 1n the recess etching process are
adjusted to achieve a desired etching profile. In some
embodiments, RF plasma, transformer coupled plasma
(TCP) or inductively coupled plasma (ICP) with process
gases including CH,, CHF,, O,, HBr, He, Cl,, NF,, and/or
N, 1s used with changing power and/or bias conditions.
Then, 1n some embodiments, a cleaning operation 1s per-
formed to remove surface native oxide of the source/drain
region of the fin structure 20. In some embodiments, RF
plasma using a mixed gas of NH,, NF,, He and H, 1s
utilized. The cleanming operation 1s omitted 1n other embodi-
ments. In other embodiments, the source/drain recess 25 has
at least one straight sidewall embedded 1n the fin structure,
and 1n certain embodiments, the source/drain recess 25 has
two straight sidewalls embedded 1n the fin structure.

Then, the source/drain recess 24 of the fin structure 20 1s
treated to form the octagonal shape, as shown in FIGS. SA
and 5B. The treated recess 25 has an octagonal shape having
seven surfaces. In some embodiments, the bottom of the
source/drain recess 25 1s the (100) surface of silicon (or S1Ge
or Ge), and the sides of the source/drain recess 25 are the
(110) surface of silicon.

The treatment 1s a chemical etching 1n some embodi-
ments. The treatment 1s performed using a mixed gas of
S1H,, HCI and H, 1n some embodiments. No plasma assis-
tance 1s used 1n some embodiments. S1H,, 1s used as a surtface
repairing and shaping gas and HCI 1s used as a contamina-
tion removal gas 1n some embodiments. H, 1s carrier gas in
some embodiments. The substrate 1s heated at a temperature
in a range from about 300° C. to about 900° C. 1n some
embodiments. In certain embodiments, the temperature 1s 1n
a range Irom about 600° C. to about 800° C. The treatment
1s performed under a pressure 1n a range from about 1 Torr
to about 500 Torr in some embodiments, and i1n other
embodiments, the pressure 1s in a range from about 3 Torr to
about 50 Torr. The treatment time 1s about 60 sec to about
120 sec in some embodiments.
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To obtain the octagonal shape, an etching ratio (110)/
(100) 1s controlled by adjusting the treatment parameters,
such as the temperature, the pressure, and gas flow amounts.
In some embodiments, the etching ratio (110)/(100) 1s 1n a
range from about 5 to about 10, and 1s 1n a range from about
6 to 8 1n other embodiments. In addition, by adjusting the
treatment parameters, 1t 1s possible to control the surface
roughness (RMS) of the (110) and (100) surfaces in the
source/drain recess 24.

In other embodiments, the surface repairing and shaping

gas mcludes a S1 based gas, such as silicon hydride (S1,H,).
silicon-carbide-hydride (S1,C H,), and or silicon hydride-
halide (S1,H,Cl, or Si H F ). For example, the surface
repairing and shaping gas includes SiH,, Si1,H., SiCH,,
S1H,Cl, (y+z=4), S1,H Cl, (y+z=6), SiH_ ¥ (y+z=4), and/or
Si,H F_ (y+z=6) 1n some embodiments. In other embodi-
ments, Ge based gas, such as germanium hydnde (GH,,
GH,H,), germamum hydride-halide, 1s used. When the fin
structure 20 1s made of S1Ge, a mixture of S1 based gas and
Ge based gas 1s used. The contamination removal gas
includes H Cl, NH,, NF, NH CL, CF_, CHZF , and/or
H,F,. For example, the contamination removal gas includes
HCIl, NH,, NF,, NH,CI, CF,, CH,F, CHF, and/or HF. The
carrier gas includes N,, H,, Ar, and/or He.
In some embodiments, the (110) surface 1s located just
below the sidewall spacer 55. In some embodiments, the
(110) surface 1s located closer to the channel (just below the
gate) than the center of the sidewall spacer 55.

After the octagonal source/drain recess 25 1s formed, one
or more source/drain epitaxial layers 60 are formed in the
source/drain recess 25, as shown in FIGS. 6A and 6B. In
some embodiments, a first epitaxial layer 62, a second
epitaxial layer 64 and a third epitaxial layer 66 are formed.
In other embodiments, no third epitaxial layer 1s formed.

The first epitaxial layer 62 1s formed over the bottom of
the source/drain recess 25. The first epitaxial layer 62
functions as a channel stressor for applying tensile stress to
the channel layer 20A. The first epitaxial layer 62 includes
S1P or S1CP for an n-type FinFET, and S1Ge doped with B
for a p-type FinFET, 1n the some embodiments. An amount
of P (phosphorus) in the first epitaxial layer 1s 1n a range
from about 1x10'® atoms/cm” to about 1x10°° atoms/cm?, in
some embodiments. The thickness of the first epitaxial layer
62 1s 1n a range ol about 5 nm to 20 nm 1n some embodi-
ments, and 1n a range of about 5 nm to about 15 nm 1n other
embodiments.

When the first epitaxial layer 62 1s SiGe, an amount of Ge
1s about 25 atomic % to about 32 atomic % 1n some
embodiments, and 1s about 28 atomic % to about 30 atomic
% 1n other embodiments.

After forming the first epitaxial layer 62, a second epi-
taxial layer 64 1s formed over the first epitaxial layer 62. The
second epitaxial layer 64 functions as a main channel
stressor for applying tensile stress to the channel layer 20A.
The second epitaxial layer 64 includes SiP or Si1CP for an
n-type FinFET, and S1Ge doped with B for a p-type FinFET,
in some embodiments. In some embodiments, an amount of
phosphorus 1n the second epitaxial layer 64 1s higher than the
phosphorus amount of the first epitaxial layer 62 and 1s in a
range about 1x10°° atoms/cm” to about 2x10°° atoms/cm”.
The thickness of the second epitaxial layer 64 1s in a range
of about 20 nm to 40 nm 1n thus embodiment, or in a range
of about 25 nm to about 35 nm 1n other embodiments.

When the second epitaxial layer 64 1s S1Ge, an amount of
Ge 1s about 40 atomic % to about 50 atomic % in some
embodiments, and 1s about 41 atomic % to about 46 atomic
% 1n other embodiments.
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After forming the second epitaxial layer 64, a third
epitaxial layer 66 may be formed over the second epitaxial
layer 64. The third epitaxial layer 66 may include a SiP
epitaxial layer. The third epitaxial layer 66 1s a sacrificial
layer for silicide formation 1n the source/drain. An amount
of phosphorus in the third epitaxial layer 66 is less than the
phosphorus amount of the second epitaxial layer 66 and is in
a range of about 1x10'® atoms/cm” to about 1x10°° atoms/
cm’ in some embodiments.

When the third epitaxial layer 66 1s S1Ge, an amount of Ge
1s less than about 20 atomic % 1n some embodiments, and 1s
about 1 atomic % to about 18 atomic % 1n other embodi-
ments.

In at least one embodiment, the epitaxial layers 62, 64 and
66 arc epitaxially-grown by an LPCVD process, molecular
beam epitaxy, atomic layer deposition or any other suitable
method. The LPCVD process 1s performed at a temperature
of about 400 to 800° C. and under a pressure of about 1 to
200 Torr, using silicon source gas such as SiH,, Si1,H,, or
S1,Hg; germanium source gas such as GeH,, or G,H;
carbon source gas such as CH, or SiH,CH and phosphorus
source gas such as PH,;.

Then, as shown 1n FIG. 7, an mterlayer dielectric (ILD)
layer 70 1s formed over the S/D epitaxial layer 60 and the
sacrificial gate structure 40. The matenials for the ILD layer
70 1include compounds comprising S1, O, C and/or H, such
as silicon oxide, SICOH and S10C. Organic materials, such
as polymers, may be used for the ILD layer 70.

After the ILD layer 70 1s formed, a planarization opera-
tion, such as CMP, 1s performed, so that the top portion of
the sacrificial gate electrode layer 45 1s exposed, as shown
in FIG. 8. In some embodiments, before the ILD layer 70 1s
formed, a contact etch stop layer, such as a silicon nitride
layer or a silicon oxynitride layer, 1s formed.

Then, the sacrificial gate electrode layer 45 and the
sacrificial gate dielectric layer 35 are removed, thereby
forming a gate space 47 as shown 1n FIG. 9. The sacrificial
gate structures can be removed using plasma dry etching
and/or wet etching. When the sacrificial gate electrode layer
435 1s polysilicon and the ILD layer 70 1s silicon oxide, a wet
ctchant such as a TMAH solution can be used to selectively
remove the sacrificial gate electrode layer 45. The sacrificial
gate dielectric layer 35 1s thereafter removed using plasma
dry etching and/or wet etching as shown 1n FIG. 9.

After the sacrificial gate electrode layer 45 and the sac-
rificial gate dielectric layer 35 are removed, a gate dielectric
layer 90 and a gate electrode 95 are formed 1n the gate space
47, as shown i FIG. 10. In some embodiments, the gate
dielectric layer 90 includes one or more layers of a dielectric
material, such as silicon oxide, silicon nitride, or a high-k
dielectric material, other suitable dielectric material, and/or
combinations thereof. Examples of high-k dielectric mate-
rials include HIO,, HIS10, HIS1ON, Hi TaO, HI 110, HiZrO,
zirconium oxide, aluminum oxide, titanium oxide, hatnium
dioxide-alumina (HIO,—Al,0O;) alloy, other suitable high-k
dielectric matenials, and/or combinations thereof. In some
embodiments, the gate dielectric layer 90 includes an inter-
facial layer formed between the channel layer and the
dielectric maternial, by using chemical oxidation. The gate
dielectric layer 90 may be formed by CVD, ALD or any
suitable method. In one embodiment, the gate dielectric
layer 90 1s formed using a highly conformal deposition
process such as ALD 1n order to ensure the formation of a
gate dielectric layer having a uniform thickness around each
channel layer. The thickness of the gate dielectric layer 90 1s
in a range from about 1 nm to about 10 nm 1n one
embodiment.
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Subsequently, a gate electrode layer 95 1s formed on the
gate dielectric layer 90. The gate electrode layer 95 includes
one or more layers of conductive material, such as polysili-
con, aluminum, copper, titanium, tantalum, tungsten, coballt,
molybdenum, tantalum nitride, nickel silicide, cobalt sili-
cide, TIN, WN, TiAl, TiAIN, TaCN, TaC, TaSiN, metal
alloys, other suitable materials, and/or combinations thereof.
The gate electrode layer 95 may be formed by CVD, ALD,
clectro-plating, or other suitable method. The metals for the
gate dielectric layer 90 and the gate electrode layer 95 are
also deposited over the upper surtace of the first ILD layer
70. The matenial for the gate electrode layer formed over the
ILD layer 70 1s then planarized by using, for example, CMP,
until the top surface of the ILD layer 70 1s revealed.

In certain embodiments of the present disclosure, one or
more work function adjustment layers (not shown) are
interposed between the gate dielectric layer 90 and the gate
clectrode layer 95. The work function adjustment layers are

made of a conductive material such as a single layer of TiN,
TaN, TaAlC, TiC, TaC, Co, Al, T1Al, HiTi, TiS1, TaS1 or
T1AIC, or a multilayer of two or more of these materials. For
the n-channel FET, one or more of TaN, TaAlC, TiN, TiC,
Co, TiAl, HfT1, TiS1 and TaS1 1s used as the work function
adjustment layer, and for the p-channel FET, one or more of
T1AIC, Al, TiAl, TaN, TaAlC, TiN, TiC and Co 1s used as the
work function adjustment layer. The work function adjust-
ment layer may be formed by ALD, PVD, CVD, e-beam
evaporation, or other suitable process. Further, the work
function adjustment layer may be formed separately for the
n-channel FET and the p-channel FET which may use
different metal layers.

In some embodiments, aiter the planarization operation,
the metal gate electrode layer 95 i1s recessed and a cap
insulating layer (not shown) 1s formed over the recessed gate
clectrode layer. The cap insulating layer includes one or
more layers of a silicon nitride-based material, such as SiN.
The cap wmsulating layer can be formed by depositing an
insulating material followed by a planarization operation.

It 1s understood that the FE'T undergoes further CMOS
processes to form various features such as contacts/vias,
interconnect metal layers, dielectric layers, passivation lay-
ers, €lc.

FIGS. 11 A-11G show views of various stages of a sequen-
tial manufacturing operation of a semiconductor device
according to the present disclosure. It 1s understood that
additional operations may be provided before, during, and
alter processes shown by FIGS. 11A-11G, and some of the
operations described below can be replaced or eliminated for
additional embodiments of the method. The order of the
operations/processes may be interchangeable. Material, con-
figuration, dimensions and/or processes the same as or
similar to the foregoing embodiments described with respect
to FIGS. 1-10 may be employed 1n the embodiment of FIGS.
11A-11G, and detailed explanation thereof may be omitted.

As shown 1n FIG. 11A, 1solation insulating layers 130
(e.g., STI) are formed in the surface region of a semicon-
ductor substrate 110. In some embodiments, the substrate
110 1s a silicon substrate having (100) orientation.

Then, as shown 1 FIG. 11B, active areas surrounded by
the 1solation insulating layers 130 are recessed by one or
more etching operations.

Next, as shown 1in FIG. 11C, a channel semiconductor
layer 120 1s epitaxially formed in the recessed portion. In
some embodiments, the channel semiconductor layer 120
includes Si1, SiGe and/or Ge. In certain embodiments, a
bufler layer 1s interposed between the substrate 110 and the
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channel semiconductor layer 120. In some embodiments, a
well layer 115 1s formed at a bottom of the channel semi-
conductor layer 120.

Then, as shown 1n FIG. 11D, gate structures each having
a gate dielectric layer 135 and a gate electrode layer 145 are
formed and sidewall spacers 155 are further formed on
opposite side faces of the gate structures, similar to FIGS.
2A-3B. In some embodiments, the sidewall spacers 155
include one or more layers.

Subsequently, as shown 1n FIG. 11E, a source/drain region
ol semiconductor layer 120, not covered by the gate struc-
tures, 1s etched down (recessed) to form a source/drain
recess 124, similar to FIGS. 4A and 4B.

Then, as shown 1n FIG. 11F, the source/drain recess 124
1s treated to form the octagonal shaped recess 125, similar to
FIGS. 5A and 5B. The treated recess 25 has an octagonal
shape having seven surfaces. In some embodiments, the
bottom of the source/drain recess 25 1s the (100) surface of
silicon (or S1Ge or Ge), and the sides of the source/drain
recess 235 are the (110) surface of silicon.

Further, as shown in FIG. 11G, one or more source/drain
epitaxial layers 160 are formed in the octagonal recess 125,
similar to FIGS. 6A and 6B.

FIG. 12A shows a cross sectional view after an interlayer
dielectric (ILD) layer 170 and a source/drain contact 180 1s
formed over the third epitaxial layer 66. The source/drain
epitaxial layer 60 has an octagonal shape having a bottom
face 610, two lower oblique faces 620 and 630, two middle
faces 640 and 650 and two upper oblique faces 660 and 670.

FIG. 12B shows various dimensions or parameters of a
semiconductor device according to an embodiment of the
present disclosure. In some embodiments, a width 203 of the
metal gate electrode 95 1s 1n a range from about 5 nm to
about 45 nm. In some embodiments, a total width 201 of the
sidewall spacers 535 and the gate electrode 95 1s 1n a range
from about 15 nm to about 95 nm. In some embodiments, the
width 201 1s greater than a width 202 of an opening of the
source/drain epitaxial layer 60. The width 202 1s 1n a range
from about 25 nm to about 35 nm 1n some embodiments. A
width of the fin structure 20 1s 1n a range from about 15 nm
to about 25 nm in some embodiments. A width 204 of the
source/drain contact 180 at the bottom thereof 1s 1n a range
from about 10 nm to about 25 nm. In some embodiments, a
ratio of the thickness of the side wall spacer 35 (one side) to
the width of the gate electrode 1n the X direction 1s 1n a range
from about 1 to about 9.

A depth 205 of the source/drain recess 23 1s 1n a range
from about 30 nm to about 100 nm 1n some embodiments,
and 1s 1n a range from about 46 nm to about 56 nm 1n other
embodiments. A ratio of a depth 206 of the fin structure 20
measured from the top of the fin structure to the level of the
upper surface of the i1solation insulating layer 30 (corre-
sponds to the length of the channel region 20A) to the depth
205 1s 1n a range from about 0.6 to about 1.0 in some
embodiments.

In some embodiments, a length 207 of the (110) face (the
middle face 640 and 650) on the octagonal source/drain
epitaxial layer 1s 1n a range from about 5 nm to about 25 nm,
which can improve DIBL, leakage and electric control field.
In other embodiments, the length 207 i1s 1n a range from
about 18 nm to about 22 nm. A width 208 of the bottom face
610 of the source/drain epitaxial layer 60 1s 1n a range from
about 15 nm to about 25 nm in some embodiments, and 1s
in a range Irom about 18 nm to about 22 nm 1n other
embodiments. A distance 209 between the middle face 640
of the source/drain epitaxial layer 60 and the channel region
of the fin structure 1s 1n a range from about 0.2 nm to about
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4 nm 1n some embodiments and 1s 1n a range from about 2.5
nm to about 3.5 nm in other embodiments.

An angle 210 between the middle face 640 (the (110)
surface) and the bottom oblique face 620 (the (111) surface)
1s 1 a range from about 110° to about 130° 1n some
embodiments. An angle 212 between the surface of the fin
structure and the upper oblique face 660 1s 1n a range from
about 30° to about 70° in some embodiments.

A thickness 213 of the first epitaxial layer 62 at the bottom
of the second epitaxial layer 64 1s in a range from about 15
nm to about 30 nm 1n some embodiments, and 1s 1n a range
from about 16 nm to about 25 nm 1n other embodiments. A
ratio of the thickness 213 to a total thickness 211 of the
source/drain epitaxial layer 60 1s 1n a range from about 0.25
to about 0.45 1n some embodiments. The thickness 211 1s
greater than the depth 205 1n some embodiments. A distance
214 between the second epitaxial layer 64 and the middle
face 650 1s 1n a range from 10 nm to about 20 nm 1n some
embodiments, and 1s equal to or smaller than 16 nm in other
embodiments. A diflerence between the thickness of the
sidewall spacer 35 and the distance 209 between the source/
drain epitaxial layer and the channel region i1s 1mn a range
from about 2 nm to about 25 nm 1n some embodiments.

It will be understood that not all advantages have been
necessarlly discussed herein, no particular advantage 1s
required for all embodiments or examples, and other
embodiments or examples may offer diflerent advantages.

According to the embodiments of the present disclosure,
by employing the octagonal source/drain structure, a dis-
tance between the channel to the <110> sidewall of the
octagon can be decreased, and <110> sidewall surface
roughness can be reduced. Further, the device performance
can be improved.

In accordance with one aspect of the present disclosure, a
semiconductor device includes a fin structure disposed over
a substrate, wherein the fin structure includes a channel layer
and extends i1n a first direction, a gate structure including a
gate electrode layer and a gate dielectric layer, sidewall
spacers disposed on opposite side faces of the gate structure,
sidewall spacers disposed on opposite sides of the gate
structure, and a source/drain structure including an epitaxial
layer having at least seven facets 1n a cross section along the
first direction. In one or more of the foregoing or the
following embodiments, one of the seven faces 1s a (110)
face. In one or more of the foregoing or the following
embodiments, the (110) face 1s parallel to a side face of the
gate electrode. In one or more of the foregoing or the
following embodiments, two of the seven faces are (110)
faces. In one or more of the foregoing or the following
embodiments, one of the seven faces 1s a (100) face. In one
or more of the foregoing or the following embodiments, the
(100) face 1s a bottom face. In one or more of the foregoing
or the following embodiments, a length of the (110) face 1s
at least 5 nm. In one or more of the foregoing or the
following embodiments, the epitaxial layer includes a first
epitaxial layer and a second epitaxial layer disposed on the
first epitaxial layer. In one or more of the foregoing or the
following embodiments, the first epitaxial layer includes
S1P, the second epitaxial layer includes SiP, and a concen-
tration of P in the first epitaxial layer 1s greater than a
concentration of P 1n the second epitaxial layer. In one or
more of the foregoing or the following embodiments, the
first epitaxial layer includes S1Ge, the second epitaxial layer
includes S1Ge, and an amount of G 1n the first epitaxial layer
1s smaller than an amount of Ge in the second epitaxial layer.

In accordance with another aspect of the present disclo-
sure, 1n a method for manufacturing a semiconductor device,
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a fin structure 1s formed over a substrate. The fin structure
includes a channel layer exposed from an 1solation insulat-
ing layer. A gate structure including a gate electrode layer
and a gate dielectric layer 1s formed over part of the fin
structure. Sidewall spacers are formed over opposite side
faces of the gate structure. A recess 1s formed by removing
part of the fin structure not covered by the gate structure. The
recess 1s treated to form an octagonal recess. A source and
a drain are formed 1n the octagonal recess, each including an
epitaxial layer. The recess 1s defined by seven faces of the fin
structure. In one or more of the foregoing or the following
embodiments, the treating the recess includes applying a
mixture of at least one selected from the group consisting of
silicon hydride, silicon halide and silicon hydride-halide,

and at least one selected from the group consisting of HCI,
NH,, NF,, NH,Cl, CF,, CH,F, CHF; and HF. In one or more
of the foregoing or the following embodiments, the mixture
includes SiH,, HCI and H,. In one or more of the foregoing
or the following embodiments, the treating 1s performed at
a temperature i a range from 300° C. to 900° C. In one or
more of the foregoing or the following embodiments, the
treating 1s performed under a pressure in a range from 1 Torr
to 500 Torr. In one or more of the foregoing or the following
embodiments, the treating 1s performed for a time duration
in a range from 60 sec to 120. In one or more of the
foregoing or the following embodiments, the recess 1is
formed by an i1sotropic etching. In one or more of the
foregoing or the following embodiments, one of the seven
faces 1s a (110) face. In one or more of the foregoing or the
following embodiments, the (110) face 1s parallel to a side
face of the gate electrode. In one or more of the foregoing
or the following embodiments, one of the seven faces 1s a
(100) face. In one or more of the foregoing or the following
embodiments, the (100) face 1s a bottom face. In one or more
of the foregoing or the following embodiments, a length of
the (110) face 1s at least 5 nm. In one or more of the
foregoing or the following embodiments, 1n the treating the
recess, a ratio of an etching rate of a (110) face to an etching
rate of a (100) face 1s 1n a range from 5 to 10.

In accordance another aspect of the present disclosure, 1n
a method for manufacturing a semiconductor device, a fin
structure 1s formed over a substrate. The fin structure
includes a channel layer made of S1Ge and exposed from an
isolation insulating layer. A gate structure including a gate
clectrode layer and a gate dielectric layer 1s formed over part
of the fin structure. Sidewall spacers are formed over oppo-
site side faces of the gate structure. A recess 1s formed by
removing part of the fin structure not covered by the gate
structure. The recess 1s reshaped to form an octagonal recess.
A source and a drain are formed 1n the octagonal recess, each
including an epitaxial layer. The recess 1s defined by at least
seven faces of the fin structure. In one or more of the
foregoing or the following embodiments, the reshaping the
recess 1s performed by chemical etching using a gas con-
taining S1H, and HCI.

The foregoing outlines features of several embodiments
or examples so that those skilled in the art may better
understand the aspects of the present disclosure. Those
skilled 1n the art should appreciate that they may readily use
the present disclosure as a basis for designing or modifying
other processes and structures for carrying out the same
purposes and/or achieving the same advantages of the
embodiments or examples introduced herein. Those skilled
in the art should also realize that such equivalent construc-
tions do not depart from the spirit and scope of the present
disclosure, and that they may make various changes, sub-




US 11,177,358 B2

13

stitutions, and alterations herein without departing from the
spirit and scope of the present disclosure.

What 1s claimed 1s:

1. A semiconductor device, comprising:

a 1in structure disposed over a substrate, the fin structure
including a channel layer and extending in a first
direction;

gate structures disposed over the fin structure and each
including a gate electrode layer and a gate dielectric
layer;

stidewall spacers disposed on opposite sides of each of the
gate structures; and

a source/drain structure including an epitaxial layer hav-
ing at least two (110) facets, one (100) facet and two
(111) facets, as interfaces between the epitaxial layer
and the fin structure, wherein:

the epitaxial layer includes a first epitaxial layer and a
second epitaxial layer disposed on the first epitaxial
layer, and

a bottom of the second epitaxial layer 1s located above a
level at which the two (110) facets are connected to the
two (111) facets, respectively.

2. The semiconductor device of claim 1, wherein the two

(110) facets are parallel to side faces of the gate electrodes.

3. The semiconductor device of claim 2, wherein the (100)
facet 1s connected to the two (111) facets and 1s a bottom
face.

4. The semiconductor device of claim 1, wherein a length
of each of the two (110) facets 1s 1n a range from 5 nm to 25
nm.

5. The semiconductor device of claim 1, wherein the each
of the two (110) facets 1s located below a corresponding one
of the sidewall spacers.

6. The semiconductor device of claim 1, wherein the
source/drain structure protrudes above a top of the fin
structure.

7. The semiconductor device of claim 1, wherein:

the epitaxial layer further has additional two (111) facets,
and

a length of each of the additional two (111) facets 1s
smaller than a length of each of the two (111) facets.

8. The semiconductor device of claim 1, wherein:
the first epitaxial layer includes SiP,
the second epitaxial layer includes S1P, and
a concentration of P 1n the first epitaxial layer 1s greater

than a concentration of P in the second epitaxial layer.
9. The semiconductor device of claim 1, wherein:
the first epitaxial layer includes SiGe,
the second epitaxial layer includes S1Ge, and

an amount of Ge 1n the first epitaxial layer 1s smaller than
an amount of Ge 1n the second epitaxial layer.

10. A method for manufacturing a semiconductor device,

comprising;

forming a first semiconductor layer over a substrate;

forming a second semiconductor over the first semicon-
ductor layer;
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forming a {fin structure by an patterning operation, the fin
structure including a part of the first semiconductor
layer and a part of the second semiconductor layer;
forming a gate structure over the fin structure;
forming a recess by etching the part of the first semicon-
ductor layer of the fin structure;
treating the recess to form an octagonal recess having
seven facets; and
forming a source/drain structure 1n the octagonal recess,
the source/drain structure including an epitaxial layer.
11. The method of claam 10, wherein the forming the
recess includes applying a mixture of NH,, NF;, H, and He.
12. The method of claim 10, wherein the treating the
recess 1ncludes applying a mixture including SiH,, HCI and
H.,.
13. The method of claim 11, wherein the treating 1s
performed at a temperature in a range from 600° C. to 800°
C

14. The method of claim 11, wherein the treating 1s
performed under a pressure 1n a range from 5 Torr to 50 Torr.
15. The method of claim 10, wherein after the treating 1s

performed, a surface roughness Ra of the (110) surface 1s
less than 0.4 nm.

16. The method of claim 10, wherein a depth of the recess
measured from a top of the fin structure 1s 1n a range from
25 nm to 90 nm.

17. The method of claim 11, wherein 1n the treating the
recess, the recess comprises an (110) surface of which
surface roughness Ra 1s 1n a range from 0.05 nm to 0.4 nm.

18. A semiconductor device, comprising;:

a fin structure disposed over a substrate, the fin structure

including a channel layer and a well layer made of a
different material than the channel layer;

a gate structure disposed over the fin structure and 1includ-
ing a gate electrode layer and a gate dielectric layer;
and

a source/drain epitaxial layer embedded i a recess
formed 1n fin structure and having at least two (110)
facets, one (100) facet and two (111) facets,

wherein the recess has a bottom smaller than an opening
of the recess.

19. The semiconductor device of claim 18, wherein:

the epitaxial layer further has additional two (111) facets,
and

a length of each of the additional two (111) facets 1s
smaller than a length of each of the two (111) facets.

20. The semiconductor device of claim 18, wherein:

the source/drain epitaxial layer includes a first epitaxial
layer and a second epitaxial layer disposed on the first
epitaxial layer, and

a bottom of the second epitaxial layer i1s located above a
level at which the two (110) facets are connected to the
two (111) facets, respectively.
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